N ormal aging is associated with cardiac, vascular, and pulmonary adaptations that significantly affect the individual's ability to maintain homeostasis. To understand the changes associated with aging, we developed a laboratory exercise that compares and contrasts the cardiopulmonary responses to exercise in a young and an older individual. We also developed this interactive tool because it is our experience that learning is better facilitated when students are encouraged, and required, to become an active and integral part of the educational process. This exercise provides a unique opportunity to analyze, integrate, and interpret the changes associated with aging because more is learned about how a system operates when it is forced to perform than when it is idle. In this laboratory exercise, basic anatomical and physiological data about aging are provided. Subsequently, figures are presented that illustrate the responses of specific cardiopulmonary variables during exercise (e.g., heart rate, cardiac output, blood pressure), and the students are challenged to analyze and assimilate information from the figures, answer questions, make calculations, and plot graphs. The laboratory does not require equipment or software, only rulers and pencils. Questions, and answers to them, are provided in the appendix. The emphasis is on the application of basic science principles, interpretation of pictorial or tabular material, and problem solving skills. In addition, an evaluation instrument was developed to assess the effectiveness of this instructional tool in an academic setting. Specifically, the evaluation instrument addressed four major components, including aims and objectives, content of materials, components and organization, and summary and recommendations.
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Key words: aging; cardiopulmonary responses; teaching tool; education; evaluation Aging is a logical extension of the physiological processes of growth and development that begin at birth and end at death. In 1988, 24% of the population was over 65 years of age. By the year 2000, it is predicted that nearly 30% of the population will be over 65 and there will be a dramatic increase @O-35%) in the number of individuals over the age of 80. Interestingly, the fastest growing age group is the centenarians, those over 100 years old.
Understanding the fundamental processes of aging is essential not only to establishing the causes of aging but also to developing interventions that might postpone or even slow the aging process. The dramatic increase in life expectancy is only of value if the quality of life is endurable.
Therefore, significant effort is now being directed toward maintaining health and postponing the onset of debilitating disease as long as possible (referred to as the compression of morbidity).
I N N 0 V A T I 0 N S A N D I D E A S
The largest and most highly publicized cohort in the United States is the "baby boomers" (those born between 1946 and 1954) , who are now at midlife and requiring gradually increasing amounts of health care. If the incidence and duration of morbidity in this population cannot be compressed, the baby boomers could potentially collapse the health care system as they pass retirement age.
Cardiovascular disease continues to be the leading cause of death in the United States. This occurs despite the fact that, in recent years, gains in life expectancy have been achieved in the elderly population by reducing mortality due to cardiovascular disease, which in turn may actually increase the cardiovascular morbidity rate. Thus an understanding of the cardiopulmonary changes associated with aging is of considerable importance to facilitate evaluation of cardiopulmonary dysfunction, for diagnosis of pathophysiological conditions, and for initiating interventions directed at prevention against, or rehabilitation from, cardiopulmonary morbidity.
We developed an educational tool to help students understand the cardiopulmonary changes associated with aging. This interactive tool encourages, and requires, the student to become an active, integral part of the educational process. By following a more traditional teaching style, one that involves a strictly lecture-based format, students become vessels, passively waiting to be filled with a predetermined body of knowledge. However, by becoming actively involved in the learning process, the students enhance their level of understanding and ability to integrate and synthesize materials. In addition, the students' conceptualization of functions and mechanisms and, ultimately, their level of retention are superior. This process demands a high level of personal investment in learning, in which students take responsibility and actively participate in the process.
PROCEDURE
Protocol.
To understand the changes in the cardiopulmonary systems associated with aging, we developed an educational tool that compares and contrasts the responses of the cardiopulmonary system during exercise in a 20-yr-old and a 70-yr-old individual. The tool presents basic anatomical and physiological information about each individual. Subsequently, a figure is presented that illustrates the response of a specific cardiopulmonary variable during exercise. Students are challenged to analyze the cardiovascular changes that occur during exercise, keeping in mind the limitations and adaptations present in each individual. The students answer questions, make calculations, and plot data related to that figure. The answers to all the questions are provided.
Students were presented with the educational tool as part of the syllabus in the Geriatric Module of the Principles of Medicine course required of the secondyear medical students. (Textual materials are reproduced in the APPENDIX).
Students were asked to work through the tool on their own and subsequently to come to lecture prepared to discuss and answer questions relevant to the materials.
During the class, a slide was presented that illustrated the response of a specific cardiovascular variable (e.g., heart rate) during exercise in the young and older individuals. The subsequent slide presented questions concerning the previous figures. Students then responded to the question in writing or verbally. The third slide in the sequence contained the answers to the previous questions. Thus students had immediate feedback for their answers.
Evaluation.
Having developed this laboratory exercise, we considered it necessary to evaluate the effectiveness of this instructional tool in an academic setting. An evaluation instrument was developed to address specific elements of our educational tool (Table 1) . Specifically, the evaluation instrument addressed four major components: aims and objectives, content of materials, components and organization, and summary and recommendations. The medical students were asked to complete this evaluation form after finishing this exercise.
Statistical
analysis.
Results from the evaluation instrument (Table 1) were analyzed using descriptive statistics and are expressed as means t SE.
RESULTS
The evaluation instrument used to determine the effectiveness of the educational tool and the re- sponses of the students are presented in Table 1 . Thirty medical students returned the evaluation form. This represented a -30% response rate. The evaluation instrument was divided into four general categories, and the mean responses for each of these categories are presented in Fig. 1 . Each genera1 category was divided into several specific questions, for which the students reported that basic information was integrated to understand broader concepts (statement 6, 4.3 t O.lS), the thematic organization helped to develop higher levels of thinking (statement 12, 4.2 t 0.22) the students had an opportunity to assess their understanding through questions and answers provided (state- merit 18, 4.3 t 0.21) and the materials fulfill the goals and objectives as stated in the introduction (statement 4, 4.3 t 0.18). Students responded most negatively to the following statements: the materials were too lengthy and complex in their format (statement 16, 3.3 t 0.29) the materials were not educationally attractive due to the novelty of their style and format (statement 21, 3.6 t 0.24), and the method of presentation was not as effective as other methods they had encountered (statement 20, 3.7 t 0.26). Finally, the general comments were very favorable.
DISCUSSION
This educational tool was a component of the Geriatric Module in the Principles of Medicine Course for the second-year medical students. The students received the tool in advance, with the understanding that they would complete the materials before class. Many students had taken advantage of this opportunity; however, it was obvious that a significant number of students waited until after the classroom presentation. The class was conducted with a question, answer, and discussion format. The students were required to answer questions, make calculations, plot data, and discuss answers. The evaluation forms were returned over a period of the next two weeks, as many students did not return the evaluation until after they had completed the laboratory exercise.
In general, the students reported that they found the educational tool extremely useful, well presented, thorough in its content, and valuable in the mechanisms it reinforced from their prior course in Physiology. What they appeared to value most was that it reinforced information they had previously learned but required them to review and apply those concepts in another context. Having to rethink and apply the information by responding to questions, making calculations, and plotting data was a valuable means of assessing their actual level of understanding.
These verbal and written comments were substantiated by the high level of agreement reported in the evaluation instrument. The students reported that the goals and objectives had been clearly identified and satisfactorily achieved in the instructional tool. The students were also pleased that there was a vehicle to assess the attainment of those goals and objectives. With respect to the actual content of the tool, students consistently reported that the materials were sufficiently challenging and required integration and a conceptual understanding. Finally, the students agreed that the materials emphasized the major concepts and were appropriate for students at this level.
The majority of students seemed to appreciate and value the interactive nature of this instructional tool.
The opportunity to learn and then evaluate their own level of understanding was educationally appealing and unique in its approach. There were those students, however, who felt that the need to interact with the text and the questions served more as a distractor from than a facilitator to learning. This minority opinion suggests that the process was emphasized at the expense of comprehension.
The major criticism of this instructional tool was, as we had anticipated, the time required for completion of the laboratory exercise. The laboratory exercise requires at least four hours of concentrated effort, which the students considered excessive. There will always be a certain number of students who prefer a very traditional style of teaching and will object to change or innovation on the part of an educator. Our goal was to introduce an alternative educational tool for teaching the cardiopulmonary changes associated with aging that would facilitate student learning. We think that the goals and objectives that we set out to achieve have been accomplished to the satisfaction of both the students and I ourselves. 
APPENDIX

(F-S mechanism and L-T relationship).
Despite an initial increase in SV, several factors limit its potential in the older heart. An increase in afterload (resulting from a stiffening in the arterial system), a diminished response to Pi-adrenergic agonists that attenuates the increase in contractility, and a decreased ventricular compliance that limits the increase in EDV will all result in an attenuated SV response during exercise. SV is attenuated because the aging heart and vasculature result in an increased end-systolic volume and, therefore, an ejection fraction that does not increase. of ventricular stroke volume, the compliance of the aorta, and the peak ejection rate. At higher workloads, CO (not SV alone) and vascular compliance are the major determinants of SBP. When blood is ejected into the aorta, the vessel expands and absorbs much of the energy. If the vessel is unable to expand (decreased compliance), the energy is not absorbed, and SBP increases. With aging, there is a decreased vascular compliance due to proliferation and infiltration of connective tissue into vascular smooth muscle.
The decreased compliance increases SBP because the energy of ventricular systole is not absorbed by the aorta. The SV ejected with each ventricular contraction is pushed into this rigid arterial network, causing an increased systolic pressure.
At the onset of exercise, there is an initial rapid rise in SV, which increases because of an increase in EDV and an increased myocardial contractility that strengthens each ventricular contraction. The increased myocardial contractility increases the rate of ejection and therefore contributes to the rise in SBP. In addition, the SV response causes a rapid rise in systolic pressure up to
of Voz,,.
In the older heart, this increase in SBP will be augmented by the decreased compliance in the aorta. As exercise continues, the SV response levels off and the increase in cardiac output is not maintained; thus, despite the less compliant arterial system, SBP increases at a much slower rate in the older person.
The total volume of blood contained in the arterial system no longer continues to increase because of the leveling off of CO. This lower SBP also occurs despite the increased sympa- 20.1 ml 02/100 ml blood. Venous av 02 difference results from the metabolizing tissues extracting -4.0 ml 02/100 ml blood at a normal resting CO, i.e., 20.1 ml 02/100 ml -4.0 ml 02/100 ml = 16.1 ml 02/100 ml]. During maximal exercise, this a-v O2 difference can increase up to 15 ml 02/100 ml blood and is not normally considered to be a limiting factor to Vo,. (When metabolism increases, active tissues have a built-in mechanism for releasing more O2 from Hb. This mechanism is known as the Bohr Effect and describes how a decrease in pH and increases in CO2 and temperature result in a rightward shift in the Oz/Hb dissociation curve). The a-v O2 difference is influenced by a variety of factors, including muscle mass, the capacity of arterial blood to transport and relinguish 02, and the capacity of the tissues to take up and utilize 02.
In the older individual, there is a decrease in skeletal muscle oxidative capacity. A lower capillary-to-muscle fiber ratio results in a reduced ability to extract 02 from the blood. Other potential mechanisms that may affect the a-v O2 difference are a decline in blood flow to the active skeletal muscle and a smaller ratio of muscle mass to total body mass. of VOZmax, where tidal volume levels off. Thereafter, increases in ventilation occur as a function of increases in respiration rate (i.e., breaths/min). This is similar to the relationship between HR, SV, and CO. At the onset of exercise, CO increases mainly by an increase in SV up to -40% of Vo2,, (Fig.  3 , where SV levels off. Subsequent increases in CO are a result of increases in HR (Fig. 2) The chest wall is stiffer because the cartilaginous tissues of the rib cage become calcified.
The lung's compliance increases because lung elasticity decreases.
As lung compliance increases and elasticity decreases, there is an enlargement of the trachea and airways, which results in an -30% increase in dead space and tidal volume.
The older individual respires at a much higher percentage of total lung capacity, which leads to a greater amount of air trapping.
Residual volume is increased because of the increased diameter of the airways, and the lung no longer resists expansion because of the loss of elasticity. Thus tidal volume must increase to fill the extra dead space so that the physiological volume (that volume of inspired air that is available for gas exchange) remains the same.
In the older individual, the diaphragm becomes flattened, the respiratory muscles are weakened, and the chest wall becomes increasingly stiff. All these factors increase the actual work of breathing and limit the total ventilator-y capacity of the individual. A greater proportion of the individual's functional capacity is directed toward the work of breathing, both at rest and with increasing workloads. This increased work of breathing attenuates the hyperventilatory mechanisms that attempt to maintain ventilation at near maximal workloads.
Respiration is itself an energy-consuming activity. The respiratory cost for a given workload increases -3-S%/yr in older individuals. As aerobic capacity is already compromised in the elderly, respiration consumes a greater proportion of the total energy available to perform work and thus limits the older individual's total work capacity. Cardiac output. 9. CO is the product of HR and SV. As seen in Fig. 2 , HR in the older individual is slightly elevated because of a decrease in vagal tone. SV at rest is the same for these two individuals.
The slightly elevated CO at rest in the older individual results then from the slightly elevated HR.
The initial response
to exercise is very similar between the young and old individuals.
The older individual depends slightly more on SV than on HR to meet the initial demands due to the diminished HR response. At -40% of the older individual's ire 2 max7 there is an attenuated increase in CO with increasing workloads.
This change in the slope of the CO curve results from the diminished abilities of HR and SV to keep pace with the energy demands of increasing workloads. Ultimately, CO is reduced in the older individual.
11. Figure 2 illustrates that the slope of the increase in HR is much lower for the older than the younger individual. Figure 3 illustrates a similar initial increase in SV between the two individuals, but the older individual's SV levels off at a lower absolute value. Because CO is the product of HR and SV, the HR response will be primarily responsible for the increasing difference in CO between the two individuals with increasing workloads. 15. The younger individual has a similar early rise in SBP, but it continues to increase through the higher workloads. This increase in SBP at the higher workloads results from the continued increase in CO that is seen in this individual (see Fig. 5 ). As well, the arterial stiffness that results from the increased sympathetic activity will also facilitate this increase in SBP. The lack of distensibility and increased impedance to flow will reduce the rate of blood flow out of the arterial network, resulting in an increased DBP. However, the major influence on the resistance vessel is an increased sympathetic activity, which is elevated at rest in the older individual.
The slightly elevated resting HR also increases CO slightly, which further increases the volume of blood in the arterial system. The elevated resting HR reduces the time in diastole, thereby reducing the time for peripheral runoff of blood.
18. Arterial compliance in the older individual is reduced because of proliferation and infiltration of connective tissue into the vascular smooth muscle. This decreased compliance reduces rebound, which imparts energy into the vascular system (windkesse1 effect).
Therefore, without the rebound, DBP is lower. However, DBP is in fact elevated in the older individual both at rest and during exercise. This suggests that TPR and HR contribute to a greater extent to DBP and that the contribution of lower arterial compliance to DBP is relatively small.
19. There is an increase i n DBP i n the ol der i ndi vi dual because of a smaller reduction i n TPR (Fig. 12) 
of rise in blood flow. This functions to maintain blood pressure. The increase in blood flow follows the rise in CO because the capacity of active muscle to receive flow at a given pressure far exceeds the capacity of the heart to increase CO.
The blood flow response differs between the young and old individuals in two ways. First, because of the limitations of increasing CO, the maximal blood flow response will be reduced in the elderly individual.
As the heart fails to maintain an increasing CO, the baroreflex and metaboreflex will increase sympathetic activation. 33. At the highest workload, TPR increases slightly in the older individual. Figure 5 illustrates that CO has started to decrease and muscle blood flow is beginning to fall off (Fig. 11) . As CO fails to meet the metabolic demands of this final workload (the inability of HR and SV to increase), the baroreceptor will be unloaded, which increases sympathetic nerve activity. This increased sympathetic activity vasoconstricts the arterioles, which function to maintain perfusion pressure.
a-v O2 difference. 34. a-v O2 difference between the young and older individuals differs very little at rest and with increasing workloads.
Despite the changes that occur with aging with respect to decreased muscle oxidative capacity, decreased capillary-to-fiber ratio, lower muscle blood flow with exercise, and a decrease in the muscle mass-to-total body mass ratio, it appears that a-v 02 difference is not compromised in the older individual. This is most likely a result of the fact that, under normal circumstances, the potential a-v 02 difference is never actualized in that there is a far greater potential for 02 extraction than is utilized.
The only time when young and older individuals differ is at the highest workload, when the older individual's a-v O2 difference appears to go up slightly. This most likely occurs in an attempt to compensate for the failure of CO to increase by widening the a-v 02 difference to raise Vo, as workload increases.
35. a-v 02 difference is not the limiting factor to the Voz,,, in the older individual.
Even at the higher workloads, a-v O2 difference is continuing to increase with no indication of a leveling off even as the energy requirements continue to increase. From the equation Vo, = CO X a-v 02, it is clear that CO is the limiting factor to Voz in the older individual.
Pulmonary responses TIDAL VOLUME.
36. Tidal volume at rest is higher in the older individual.
As lung compliance increases and elasticity decreases, there is an enlargement of the trachea and airways which results in an -30% increase in dead space and tidal volume. 
